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Abstract— 1. Adenosine and its analogs depress the firing of neurons in various brain regions. The 
^•mary mode of action of adenosine in exerting this effect appears to be the depression of transmitter 
-iVase 'from presynaptic nerve terminals. This is a result of reduced calcium mobilization. 
"'^ Adenosine uptake inhibitors and deaminase inhibitors depress the firing of central neurons. Aden- 
osine antagonists, caffeine and theophylline, excite central neurons. Adenosine is therefore likely to be 
-'leased in sufficient quantities to exert an ongoing modulation of synaptic transmission m the intact 

°'T n A number of groups of centrally active drugs inhibit adenosine uptake by brain synaptosomal 
^reparations. These include the benzodiazepines, phenothiazines. various other sedatives and hypnotics, 
tricyclic antidepressants, non-steroidal anti-inflammatory analgesics, some steroids, diphenylhydantoin. 
nuromycin and toyocamycin. 

4 It is proposed that many agents with anxiolytic, sedative, analgesic or antj-convulsant actions may 
ichieve their effects bv inhibiting adenosine uptake and thus potentiating extracellular adenosine levels. 

5. Morphine also elevates extracellular adenosine levels but achieves this by enhancing adenosine 
release. 



INTRODUCTION 
purine the past few years it has become apparent that 
adenosine inhibits transmission at various central 
,\napses and can potently depress the firing of single 
neurons in the brain. These studies, which have 
involved iontophoretically applied adenosine and in 
neurons or adenosine applied topically onto brain 
,hces. have provided an explanation for the pre- 
viously observed behaviorally depressant effects of 
mtracerebroventricularly administered adenosine 
.Vdaberg & Sherwood. 1954: Buday et aL 1961). 

lontophoretic studies have demonstrated that aden- 
osine and its analogs can depress the spontaneous 
tirina of neurons in several regions of the brain, in- 
.luulng ihe cerebral (Fig. 1) and cerebellar cortices, 
hippocampus and caudate nucleus (Phillis et aL 1979: 
Phillis & Wu. 198M. In a study on spinal cord Ren- 
<haw cells Lekic (1977) was able to demonstrate that 
whereas adenosine could depress cholinergic synaptic 
activation elicited by ventral root stimulation, it did 
not alter the effects of iontophoretically applied ace- 
tylcholine (ACh). This experiment provided a con- 
vincing demonstration of the presynaptic locus of 
action of adenosine. Studies on the peripheral and 
central (CNS) nervous systems have confirmed that 
adenosine is able to reduce ACh release from presyn- 
aptic terminals (Ginsborg & Hirst 1972: Jhamandas 
& Sawynok, 1976). Adenosine's actions are not re- 
stricted to cholinergic nerve terminals as it has been 
shown to depress the K * -evoked release of labelled 
noradrenaline from cerebral cortical slices and of 
labelled dopamine and serotonin from striatal slices 
(Harms et aL. 1978. 1979). It also has a weakly de- 

* Present address: Department of Physiology. School of 
Medicine. Wayne State University.' Detroit. Ml 48201, 
U.S.A. 



pressant action on the release of labelled y-amino- 
butyric acid (Hollins & Stone. 1980). 

The mechanism by which adenosine reduces trans- 
mitter release has been investigated in some detail 
and appears to involve a reduction in the availability 
of calcium. This may be a result either of a decreased 
influx of calcium across the depolarized terminal 
membrane (Kuroda. 1978: Ribeiro et aL 1979) or of a 
sequestration of intracellular calcium (Branisteanu et 
aL 1979). There is evidence from both peripheral and 
central synapses that an increase in extracellular cal- 
cium levels will reduce the effects of adenosine. 

The depressant effect of iontophoretically applied 
adenosine on the firing of cerebral cortical neurons 
was enhanced by inhibitors of adenosine uptake 
(dipyridamole, hexobendine. papaverine) and antag- 
onized by the methylxanthines. caffeine and theophyl- 
line. An interesting observation was that inhibitors of 
adenosine uptake powerfully depressed neuronal 
firing, even when no adenosine had been applied, and 
that the methylxanthines frequently accelerated neur- 
onal discharges (Phillis et aL 1979). A clear impli- 
cation of these results is that central neurons are 
under the continuing depressant influence of endogen- 
ous! y released adenosine. Accompanying the realiza- 
tion that extracellular adenosine levels might be an 
important factor in the control of CNS^exci lability, 
there has been an increasing awareness of the possi- 
bility that many centrally active drugs might exert 
some of their actions by purine-Iinked mechanisms. 

Our observations on an antagonism between aden- 
osine and the methylxanthines led to the proposal 
(Phillis & Kostopouios. 1975) that the central stimu- 
lant actions of caffeine and theophylline result from 
their blockade of the depressant effects of endogen- 
ously released adenosine. This explanation has since 
been widely accepted (Fredholm. 1980: Cardinali. 
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Fig. 1. Firing frequency records from two different cerebral 
cortical neurons in a nitrous oxide and methoxyflurane 
anaesthetized rat. This is a rate-meter record of the spon- 
taneous firing, with the number of action potentials per 
second on the ordinaie. Horizontal bars above the record 
indicate periods of drug application. AMP (40 n A), aden- 
osine S'-methylcarboxamide (NMCA. 30 nA) and aden- 
osine 5'-cyclopropylcarboxamide (NCPCA 30nA» de- 
pressed the firing of the neuron in trace (A) to an approxi- 
mately equivalent extent. Similar results were obtained 
with the second neuron (trace B). 

1980). The ingestion of large amounts of caffeine is 
associated with symptoms of anxiety (Greden. 1974) 
indicating that adenosine may act as an endogenous 
substrate for the control of anxiety and depression. 
Our interest has therefore been focussed on the possi- 
bility that sedative and anti-anxiety agents might 
exert their effects by enhancing purinergic control" of 
neuronal excitability. Data obtained during the past 
two years do indeed suggest that a number of drugs 
with sedative, anxiolytic and analgesic properties may 
act, in part, by elevating the extracellular levels of 
adenosine. This effect may be a result either of an 
inhibition of adenosine uptake (phenothiazines. ben- 
zodiazepines, antidepressants and analgesics! or of an 
increased release of adenosine from the tissues (mor- 
phine). 

The abilities of 99 centrally active agents to inhibit 
adenosine uptake by rat brain cerebral conical svnap- 
tosomes are presented in Table 1. Many of these com- 
pounds have sedative properties and are also known 
to be potent inhibitors of the enzyme phosphodiester- 
ase (Weinryb et aL 1972; Daly, 1977). 

In the light of this relationship between sedative/ 
anxiolytic activity and ability to inhibit phosphodies- 
terase, it was proposed that drugs which reduce 
anxiety may do so by inhibiting phosphodiesterase 
and thus enhancing brain cyclic AMP levels (Good- 
sell et aL 1971; Beer et aL 1972; Hess et aL 1975). 
This hypothesis was, however, developed before the 
central actions of adenosine had been recognized and 
we have subsequently proposed (Philiis & w Wu. 1981) 
that the anxiolytic, sedative and analgesic properties 
of certain therapeutic agents may result from their 



abilities to inhibit the uptake of endogenously 
released adenosine. The resulting enhanced levels of 
adenosine would depress arousal anxiety and interfere 
with the transmission of nociceptive information. 

The various groups of substances listed in Table 1 
will be discussed in this contribution. 

ADENOSINE UPTAKE STUDIES 
Phenothiazines and related antipsychotics 

The phenothiazines were originally developed as 
sedative agents and were also used for pre-operative 
medication (Baldessarini. 1980). The frequent occur- 
rence of extrapyramidal disorders during the con- 
tinued administration of agents in this group has 
limited their widespread use as sedatives and anxioly- 
tics and they are now used primarily as anti-psychotic 
agents. It has been hypothesized that they exert their 
effect by acting as dopamine receptor antagonists. 
Unlike their sedative actions which become evident 
shortly after administration and tend to become less 
pronounced with repeated administration, the anti- 
psychotic effects of the phenothiazines develop slowly 
over a period of days or weeks. The anti-psychotic 
actions of the phenothiazines are therefore likely to be 
mediated by a different mechanism to their sedative 
effects. 

Trifluoperazine, spiroperidol, penfluridol and sul- 
piride were the most active adenosine uptake inhibi- 
tors in this group with IC 50 values in the low micro- 
molar or submicromolar range. Fluphenazine, thiori- 
dazine. 2-chIorphenothiazine (chlorpromazine), a-flu- 
penthixol, haloperidol and pimozide were also potent 
inhibitors of adenosine uptake with IC ;o values in the 
submicromolar range. The significance of IC 20 values 
has previously been demonstrated in peripheral 
tissues in which a 20% reduction in adenosine uptake 
was shown to double the action of exogenously 
applied adenosine (Hopkins. 1973). 

Chlorpromazine was considerably more active than 
its 1-. 3- and 4- analogs, which lack tranquillizer ac- 
tivity (Green. 1967). a-Flupenthixol. which possesses 
pharmacological activity, was more potent than J?-flu- 
penthixoi. which has little activity in pharmacological 
screening tests (Moller-Nielsen et aL 1973». 

These results are interesting in that they indicate 
that at therapeutic plasma levels (Curry et' aL 1970) 
the phenothiazines should be present in sufficient con- 
centrations to significantly affect adenosine uptake. 

Benzodiazepines 

The benzodiazepines are a widely used group of 
drugs with anticonvulsant, hypnotic, anxiolytic and 
muscular relaxant properties. An interaction between 
the benzodiazepines and adenosine was demonstrated 
in pharmacological experiments in which diazepam 
was observed to potentiate the depressant effects of 
iontophoretically applied adenosine on the firing of 
cerebral cortical neurons (Philiis, 1979). Further ex- 
periments revealed that the effects of rlurazepam on 
neuronal firing were antagonized by theophylline 
(Philiis et aL 1979). Since benzodiazepines do not 
interact with the adenosine receptor (Williams et aL 
1981) this observation suggested that flurazepam was 
exerting its effects by potentiating the extracellular 
levels of endogenously released adenosine. Caffeine 
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"* J> l \i ihe central effects of diazepam (Pole et aL. 
*.\erJi UI 

^1* study of the effects of diazepam on 3 H-adenosine 
'* acetylcholine release from the rat cerebral cortex 
demonstrated that benzodiazepines enhance the 
^ 0 f labelled purines and at the same time depress 
he release of acetylcholine (Phillis et aL 1980). The 
i pression of acetylcholine release was blocked by a 
rior administration of theophylline, indicating that it 
P - secondary to the increase in extracellular aden- 
osine levels. 

The abilities of a series of benzodiazepines to in- 
• t>it adenosine uptake by rat brain cortical synapto- 
Hirnos are presented in Table 1. The potencies of the 
w -pzodiazepines as adenosine uptake inhibitors show 
\'ood correlation with their clinical, anti-conflict 
,f>». 2) and receptor binding potencies, implying that 
nhibition of adenosine uptake is an important factor 
in the central actions of the benzodiazepines. 

Adenosine uptake is a carrier mediated process and 
if benzodiazepine binding sites overlap with aden- 
osine uptake sites, it would be expected that aden- 
ine uptake inhibitors should inhibit benzodiazepine 
binding to cell membranes. A survey of the actions of 
several competitive inhibitors of adenosine uptake has 
shown that these substances are indeed competitive 
inhibitors of 3 H-diazepam binding to brain mem- 
brane receptors (Fig. 3). The converse also holds in 
that benzodiazepines can displace a potent adenosine 
uptake inhibitor 6-<2-hydroxy-5-nitrobenzylMhioino- 
qne from its binding sites on erythrocytes (Clanachan 
'et aL. 1982). 

A role for adenosine in benzodiazepine action 
therefore appears a likely possibility and the purine- 
iink mechanism may act in concert with other pro- 
posed mechanisms of benzodiazepine action (e.g. 
GABA- and serotonin-linked mechanisms). 

Son-henzodiazepine anxiolytics and sedatives 

This group of compounds includes a number of 
potent inhibitors of brain phosphodiesterase such as 
the pyrazolopyridines (SQ 20-009 and SQ 66-007). a 
3.4-dialkoxybenzyl-2-imidazolidinone (RO 20-1724). a 
3.4-dialkoxyphenyl-2-pyrrolidone (ZK 62711) and a 
triazotopyrimidine (ICI 63.197) which are central de- 
pressants (Daly. 1977). Others (meprobamate, pento- 
barbital), which also have sedative actions, are poor 
inhibitors of brain phosphodiesterases (Weinryb et aL 
1972; Beer et aL 1972). 

Many of the anxiolytics and sedatives in this group 
were potent inhibitors of adenosine uptake by rat 
brain synaptosomes. These included meprobamate, 
thalidomide. SQ 20-009, RO 20-1724, rolipram, zopic- 
lone [6-<5-chloro-2-pyndyl)-6,7-dihydro-7-oxo-5H- 
pvrrolo[3,4-b]pyrazine-5-yl]4-methyl-l-piperazine 
carboxyiate] (Blanchard et aL 1979), CL 218,872 
[3-methvl-6-[3-(trifluoromethyl)phenyl]-1.2.4-triazo- 
Io[4.3-b]pyridazine] (Lippa et aL 1979) and 1C1 
63.197. Methaqualone, pentobarbital buspirone and 
ethanol were poor inhibitors of adenosine uptake. 
The results with buspirone are particularly interesting 
in that this compound reportedly has a selective anti- 
anxiety action without any accompanying sedative, 
anticonvulsant, or muscle relaxant effects (Stanton et 
aL. 1981). Buspirone is thought to exert its anxiolytic 



effects by acting as an agonist at central dopamine 
receptors. 

Anticonvulsants 

Three agents are listed in this category. Phenobar- 
bital and carbamazepine were very weak inhibitors of 
adenosine uptake whereas diphenylhydantoin had an 
1C 20 of 1.5 x 10" 6 M. The three compounds are poor 
inhibitors of brain phosphodiesterase (Weinryb et aL 
1972; Beer et aL 1972; Palmer, 1979). Our findings 
suggest that of the three substances tested in this cate- 
gory, only diphenylhydantoin action is likely to 
involve an elevation of extracellular adenosine levels. 

Steroids 

Forty years have passed since Selye (1942) de- 
scribed the anaesthetic actions of steroid hormones 
such as progesterone, testosterone and corticosterone. 
The findings presented in Table 1, which demonstrate 
that many of the steroid hormones are relatively 
potent inhibitors of adenosine uptake (1C 20 values in 
the range 10~ 6 -10" 5 M) suggest that potentiation of 
extracellular adenosine levels may be involved. Rela- 
tively high doses of progesterone (54 mg/kg) must be 
administered to induce anaesthesia (Selye. 1942) and 
it can be anticipated that systemic concentrations 
would initially exceed 10" 5 M. This could result in a 
significant elevation of brain extracellular adenosine 
levels. 17-0-Estradiol, 17-/f-ethinylestradioI, diethyl- 
stilbestrol and dexamethasone were approximately 
equipotent with progesterone. Alphaxalone, a major 
component of the steroid anaesthetic. Alfathesin 
(Glaxo) was rather less potent as an adenosine uptake 
inhibitor. Tetrahydrocortisone was even less active. 

The observation that steroids can inhibit adenosine 
uptake is of considerable interest in that it offers an 
explanation for the hypnotic and anaesthetic activities 
of steroids in the pregnane class (Selye. 1942) and may- 
account for some of the anti-inflammatory actions of 
the glucocorticoids (Glenn et aL 1963; Jasani. 1979). 
Oestrogens and progestogens can be quite potent in- 
hibitors of rat brain phosphodiesterase (Weinryb et 
aL 1972). 

Antidepressant agents 

Caffeinism has been related to clinical depression 
(Greden et aL 1978) suggesting that adenosine may. 
in some fashion, be involved in this syndrome. It was 
therefore of considerable interest when the antidepres- 
sant desipramine was shown to increase cyclic AMP 
levels in guinea-pig cortical tissues by a theophylline- 
sensilive mechanism (Kodama et aL 1971). Sub- 
sequent studies have shown that a number of antide- 
pressant agents, at concentrations of 200-500 /zM, in- 
crease the cyclic AMP content of guinea-pig cortical 
tissues and that this effect is antagonized by theophyl- 
line (Huang & Daly, 1972; Sattin et aL 1978). The 
most active of the compounds tested were chlorimi- 
pramine, desipramine, nortriptyline and iprindole. 
When applied iontophoretically, these substances 
potentiated the depressant actions of adenosine on 
the firing of rat cerebral cortical neurons and the 
suggestion was made that these compounds may act 
by reducing the uptake or metabolism of applied 
adenosine, or alternatively by releasing small amounts 
of adenosine. 
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The studies summarized in Table 1 show that tricyc- 
lic antidepressants can i-nhibit uptake of adenosine by 
rat brain synaptosomes. However, with the exception 
of nortriptyline, which had an IC ;o of 8.0 x 10"" M. 
the tricyclic antidepressants were rather weak inhibi- 
tors of adenosine uptake {IC 20 values of 
10" 5 -> 10" 4 M). A non-tricyclic antidepressant, 
viloxazine, had little effect on adenosine uptake. 

The therapeutic plasma concentration of tricyclic 
antidepressants in patients is around 150/*g/ml or 
0.5 /*M (Kinard et a/., 1978) and animal experiments 
suggest that brain levels may be considerably higher 
(Biegon & Samuel, 1979). It is conceivable therefore 
that inhibition of adenosine uptake may be a factor in 
antidepressant therapy and in patients treated with 
antidepressants to alleviate chronic pain (Charpentier. 
1966; Budd. 1978k 

Antihistamines 

Central depression (sedation, drowsiness) is a fre- 
quent side-effect of the administration of therapeutic 



doses of the histamine Hj antagonists. Several such 
antagonists were tested during the course of our 
studies, but none of these had effects on adenosine 
uptake by rat brain synaptosomes. 



Coronary vasodilators 



A number of coronary vasodilators were tested as : 
adenosine uptake inhibitors. Dilazep. hexobendinct 
lidoflazine, dipyridamole and three analogs of dipyn;^ 
damole (RE 244-BS, RE 642-BS and RE 86-B# ? 
proved to be potent inhibitors of adenosine uptafc^l 
with IC 20 values of 10"M.O x 10" 8 M. Papave v ' 
and prenylamine were somewhat less potent. ci$L, 

Three of the so-called "calcium antagonists'* corot^ : 
ary vasodilators (verapamil, methoxy verapamil 
(D600) and diltiazem) were only weak inhibitors of 
adenosine uptake with 1C 20 values > 10" 5 M. Thb 
lack of effect of the calcium antagonists implies that 
the actions of agents such as dipyridamole and dila- 
zep cannot readily be attributed to an effect on mem^i 
brane calcium binding and/or permeability. --'--^ 



Table 1. Effects of drugs on 3 H-adenosine uptake by rat brain synaptosomes* 




Therapeutic category 



Class of drue 



Drug 



IC 20 iM> 



IC 50 <M) 



Antipsychotic 

Anxiolytic 

Sedative 



Phenothiazine 



Thioxanthene 

Butyrophenone 

Diphenylbutylpiperidine 



Dibenzodiazepine 
Sulfamovlbenzamide 



Anxiolytic 

Hypnotic 

Sedative 



Benzodiazepine 



Non- Benzodiazepine 
Anxiolytics and 
Sedatives 



Trifluoperazine 

Fluphenazine 

Thioridazine 

1 -Chlorphenothiazine 

2- Chlorphenothiazine 

3- Chlorphenothiazine 

4- Chlorphenothiazine 

z-Flupenthixol 
/?-Flupenthixol 

Haloperidoi 
Spiroperidol 

Pimozide 
Penfluridol 

Clozapine 
Sulpiride 

Clonazepam 

Nitrazepam 

Lorazepam 

Ro U-6896 

Diazepam 

Flunitrazepam 

Medazepam 

Flurazepam 

Bromazepam 

Chlordiazepoxide 

Ro 5-3636 

Oxazepam 

Ro 11-6893 

Meprobamate 
Methaqualone 
Thalidomide 
Pentobarbital 
Buspirone HC1 
SQ 20-009 
SQ 66-007 
RO 20-1724 
• Rolipram (ZK 62711) 
Zopiclone 
CL 218. 872 
1C1 63.197 
Ethanol 



2.0 x 10" 9 
6.0 x 10" 7 
5.0 x tO" 7 
t.O x 10 -5 
5.0 x 10" 7 

1.5 x 10" 5 
1 x 10~ 4 

3.7 x 10"' 
1.0 x IO -5 

4.0 x 10"' 

1.6 x IO" 9 



1.0 x 

1.1 x 

2.8 
1.0 

5.0 
3.0 
6.0 
8.4 
9.0 
1.6 
2.6 
2.7 
1.1 
3.7 
6.0 
9.0 
2.0 



10" T 
10"" 

10" 6 

io- 9 

lO" 9 
tO* 8 
10" 8 
IO" 8 
10" 3 
: 10" 7 
10" T 
10"" 
: I0" 6 
: IO - * 
: IO -6 
: 10" 6 
: 10* 5 



1.2 x 



10" 
>10" 



6.0 x 10~ 7 
7.0 x 10" 5 

2.0 x 10" 5 
1.8 x IO" 8 

1.1 x 10" 5 
1.0 x IO" 8 
1.0 x IO' 7 
1.0 x 10" 7 
1.6 x 10" 8 
1.6 x IO -7 

>10 -3 



i.i x io- 6 .„x- 
i.o x io- 5 

>10 -4 m& 



1.5 



x io-* 40: 

>I0 -4 

• #8; 



1.1 X 

6.0 x 



IO" 5 
10" 5 



»10" 4 
7.0 x 10" 7 

»10' 4 
x IO* 6 



5.6 

5.0 
8.5 

3.5 
5.0 
4.0 
6.0 
7.0 
1.0 
2.3 
1.3 
3.5 
1.5 
6.0 
2.5 



I0" 3 
10" 7 

10' 3 
10" 4 

10- 4 

10" 5 
10' 5 
: 10 -3 
IO" 4 
10 -3 
: 10~ 4 
: 10" 3 
: 10" 3 
: 10* 4 t : 
>10" 



5.5 x 10" 5 r H*$ 



1.4 

6.0 

1.0 
7.5 
4.6 



10' 

io- J 

IO" 4 
10"* 
IO" 5 

to- 4 

10" J 
IO" 5 

io- 5 

IO" 4 



1 
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l-l x to-;! 
i.o x io»l c 
1-0 x io^i 

>10~ 
15 x 10-^1 



»10 
7.0 x 10 



5.0 x 10 
8.5 x 10 



6.0 x 10",** 
2.5 x 10- 



>io-ri 

1 x i0~ y 4 

1.4 x 10" 6 !| 
6.0 x lO' 5 ^! 

>io- 4 tH 

i.o x io~ 3 ''^ 

7.5 x 10' 5 

4.6 x IO" 3 
>10~ 4 



rhcrapcun*: category 



Class of drue 



Drug 



anticonvulsants 



Steroids 



Phenobarbital 
f Carbamazepine 



U\ — JJDiphenyihydantoin 

Dexameihasone aceta 

' Prnop«ffrnnp 



acetate 

Progesterone 
1 70~£stradiol 
1 72-Ethinylestradiol 
Diethylstilbestrol dipropionate 
Alphaxalone 
Tetrahydrocortisone 



Antidepressant 



Tricvclic 



Imipramine 
Chiorimipramine 
Iprindole 
Amoxapine. 

A/^AW ^r^fV^r^ Nortriptyline HO 
' Non-Tricyciic Viloxazine v VWil^ 

Zimelidine 



Antihistamines 



Coronary 
Vasodilators 



Son- Steroidal 
Anti-Inflammatory 
\ cents 



Antibiotics 



Methvlxanthines 



Metabolic Inhibitors 
and Miscellaneous 



Cinnarizine 

Diphenhydramine 
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t RE 244-BS 4^2'-hydroxyethyl-2"-hydroxypropyl.amino>-2,7-bis-(2-methyl-morpholino)-6-phenyl- 
pteridin. RE 642-BS 2.2*/(4.8-bis-diethyIamino»-pyrimido. 5.4-D/-p>Timidin-Z6-diylVdi-i2-methoxyethylV 
imino/diethanol. RE 86-BS 1.2-,(2.7-dimorphoIino-6-phenyU4-pteridinynimino/-2-propanol-ethanol. 

J Less than 10° o inhibition of uptake at 10" 4 M. 
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Fig. 2. Correlation between in vitro inhibition of adenosine uptake by rat brain cortical synaptosomes 
and in vivo anti-conflict effects (data from Cook & Sepinwall. 1975) for benzodiazepines. Pearson 

correlation coefficient r = 0.698. 



Some of the coronary vasodilators which inhibit 
adenosine uptake (papaverine, prenylamine) have cen- 
tral depressant effects. Other potent adenosine uptake 
inhibitors, such as dipyridamole, which do not pos- 
sess anxiolytic or sedative activity when administered 
systemically (Da vies et a/., 1980) may be unable to 
cross the blood-brain barrier. Dipyridamole also pos- 
sesses an ability to inhibit the release of adenosine 
(Fredholm et al, 1980). The headaches that can occur 
during the initiation of dipyridamole therapy may be 
a result of elevated adenosine levels in the blood sup- 
ply to cerebral arterial vessels. Adenosine is a potent 
dilator of such vessels (Phillis & Wu. 1981) and dilata- 
tion of cerebral vessels with an increased amplitude of 
pulsation in the arteries is known to be implicated in 
the aetiology of migraine headaches. 

It should be noted that several of the agents which 
are classified under different headings in Table 1 can 
increase coronary blood flow and enhance the actions 
of adenosine on the coronary blood vessels. These 
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Fig. 3. Correlation between Ki values for the inhibition of 
3 H-diazepam binding and for the inhibition of adenosine 
uptake by various adenosine uptake inhibitors. Slope 0.98; 
Correlation coefficient y = 0.916 (0.01 > P > 0.00). From 
Wu et al (1981). 



include the tricyclic antidepressants (Jefferson. 1975), 
indomethacin and ibuprofen (Lefer & Crossley, 1979; 
Glenn & Horan, 1981), the phenothiazines (Shamsi et 
al, 1971) and benzodiazepines (Ikram et a/., 1973). r 

Non-steroidal anti-inflammatory drugs 

Our interest in these agents was sparked by ix!. 
report that indomethacin is a potent inhibitor of ra@- 
brain phosphodiesterase (Weinryb et al, 1972). ^ 

Several of the drugs in this category were found to. 
be potent inhibitors of adenosine uptake by rat brain 
synaptosomes including indomethacin. flunixin meg- 
lumine (Banamine) and ibuprofen. Others, meclofena- 
mic acid, indobufen. diclofenac sodium (Voltaren), 
phenylbutazone and naproxen were only weakly in- 
hibitory. Acetylsalicylic acid and acetominophen 
have been difficult to categorize with respect to 
potency. Although both substances had submicromo- 
lar IC 2 o values, their dose-response curves were ex- 
tremely shallow, making it impossible to reach an 
IC 50 value within the range of concentrations 
(I0 _9 -10" 4 M) tested. 

The observation that some non-steroidal anti- 
inflammatory drugs can inhibit adenosine uptake is 
both novel and exciting. It is possible that actions of 
these agents which were attributed to an inhibition of 
prostaglandin synthesis may have been due to poten- 
tiation of adenosine levels. Previous reports of cal-;^. 
cium antagonism by substances in this group (Northrg© 
over, 1977) may have been a result of an adenosine^^ 
mediated inhibition of calcium influx into the tissues.'^ 

Antibiotics 

Two of the four compounds tested in this group 
(puromycin and toyocamycin) are structurally closely J| 
related to adenosine. Both were potent inhibitors c^!|| 
adenosine uptake with IC 20 values of 5.6 x 10~ 9 Mj& : ; 
and 7.8 x 10" 8 M for puromycin and toyocamycin, 
respectively. Actinomycin and rifampicin were vir- 
tually inactive. 

Puromycin has been extensively used in experi- 
ments on memory formation and retention. Following 
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i-Isobutyl-l-methylxanthine. 1.3-diallylxanthine 
n d !.5-di-N-propylxanthine were relatively effective 
"* hih^ or5 of adenosine uptake with IC 20 values in the 
pj- ? -10" VI ran & e - Caffeine and theophylline were 
less effective. 

These results can be compared with those obtained 
in pharmacological studies. Whereas caffeine and 
theophylline act as reliable adenosine antagonists, the 
nndinss with isobutylmethylxanthine are less consist- 
ent In >ome instances it potentiates the action of 
aJenosine but at other times it antagonizes adenosine 
iphiHi^ et 1979). Likewise in studies on mouse 
; icornotor activity, where caffeine and theophylline 
had an excitant action, isobutylmethylxanthine eli- 
-ited onh behavioral depression (Snyder et al., 1981). 
\Ve propose that the adenosine uptake inhibiting ac- 
tivity of isobutylmethylxanthine may be sufficient to 
overcome its actions as an adenosine antagonist, thus 
eivine this compound a behaviorally depressant 
action. With caffeine and theophylline, adenosine an- 
Uiiontsm will be the predominant effect as these com- 
pounds are less active uptake inhibitors and they will 
therefore act as stimulants. At low doses, caffeine can 
have a central depressant action and this could be a 
reflection of differing slopes for its activities as an 
antagonist or potentiator of adenosine action. 

Murphine 

An association between morphine and adenosine 
*a* initially suggested by the observation that meth- 
vKanihines antagonize the depressant effects of mor- 
phine on acetylcholine release from the cerebral cor- 
icx Jhamandas & Sawynok. 1976). Subsequent 
>;adies have shown that theophylline antagonizes the 
depressant effects of morphine on striatal neurons 
.Stone ic Perkins. 1979) and that morphine can 
;nhance the rate of release of labelled adenine nucleo- 
sides from the cerebral cortex (Phillis et a/., 1980). 
Theophylline increases the LD 50 of morphine in mice 
and decreases the inhibitory effect of morphine on 
synaptosomal uptake of calcium (Brailowsky et c//., 
\^\). The purine-release enhancing actions of mor- 
phine could be due either to an increase in purine 
release or to an inhibition of adenosine uptake. In 
vitro experiments have demonstrated that morphine 
enhances the potassium-evoked release of 3 H-purines 
from brain prisms pre-incubated in 3 H-adenosine 
IP. H. Wu. J. W. Phillis and H. Yuen, unpublished 
observations). Comparisons of the release elicited by 
morphine and dipyridamole suggested that even 
though morphine is a weak inhibitor of adenosine 
uptake (IC 20 10"* M), this effect is unlikely to have 
made a significant contribution to the release of aden- 
osine by morphine. Rather, morphine is apparently 
able to enhance the release of adenosine by a direct 
influence on the releasing mechanism. 

CONCLUSIONS 

Experimental observations on in vivo neurons have 
*hown that adenosine's primary action is to reduce 



the release of other transmitters through an action on 
presynaptic nerve terminals. Drugs which block the 
uptake and metabolism of adenosine depress the 
firing of central neurons and potentiate adenosine's 
depressant action. Adenosine receptor antagonists 
excite central neurons. These observations suggest 
that the excitability of central neurons is subject to 
regulation by endogenously released adenosine. 

A survey of several groups of centrally active drugs 
has demonstrated that many sedative, anxiolytic, anti- 
convulsant, antidepressant and analgesic compounds 
are potent inhibitors of adenosine uptake by rat brain 
synaptosomes. These include phenothiazines, benzo- 
diazepines, tricyclic antidepressants, steroids, some of 
the non-steroidal anti-inflammatory drugs and the 
antibiotics puromycin and toyocamycin. Potentiation 
of the effects of endogenously released adenosine may 
be an important factor in the central actions of these 
compounds. Morphine enhances adenosine release 
from central preparations and adenosine mediates the 
depressant effects of morphine on acetylcholine 
release from central nerve terminals. Inhibition of 
adenosine uptake makes a small contribution to the 
elevated adenosine levels and a direct releasing action 
of morphine appears to be the more important factor. 

Our observations emphasize the critical role that 
adenosine appears to play in central nervous system 
functioning and suggest that the development of more 
potent potentiators and antagonists of adenosine may 
generate valuable new approaches to the treatment of 
psychiatric and neurological disorders. 
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